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USE OF A SCALE MODEL TUNNEL IN THE DESIGN OF MODIFICATIONS
TO THE NASA-GLENN ICING RESEARCH TUNNEL

Victor A. Canacci, Jose C. Gonsalez, and David A. Spera
Dynacs Engineering Company, Inc.
Brook Park, Ohio 44142

Abstract

Major modifications were made in 1999 to the 6-ft by
9-ft (1.8-m by 2.7-m) Icing Research tunnel (IRT) at the
NASA Glenn Research Center, including replacement
of its heat exchanger and associated ducts and turning
vanes, and the addition of fan outlet guide vanes
(OGVs). A onetenth scae model of the IRT
(designated as the SMIRT) was constructed with and
without these modifications and tested to increase
confidence in obtaining expected improvements in flow
quality around the tunnel loop. The SMIRT isitself an
aerodynamic test facility whose flow patterns without
modifications have been shown to be accurate, scaled
representations of those measured in the IRT prior to
the 1999 upgrade program. In addition, tests in the
SMIRT equipped with ssmulated OGV's indicated that
these devices in the IRT might reduce flow distortions
immediately downstream of the fan by two thirds.

Flow quality parameters measured in the SMIRT were
projected to the full-size modified IRT, and quantitative
estimates of improvements in flow quality were given
prior to construction. In this paper, the results of
extensive flow quality studies conducted in the SMIRT
are documented. Samples of these are then compared
with equivalent measurements made in the full-scale
IRT, both before and after its configuration was
upgraded.  Airspeed, turbulence intensity, and flow
angularity distributions are presented for cross sections
downstream of the drive fan, both upstream and
downstream of the replacement flat heat exchanger, in
the stilling chamber, in the test section, and in the wakes
of the new corner turning vanes with their unique
expanding and contracting designs. Lessons |learned
from these scale-model studies are discussed.

Nomenclature

COV  coefficient of variation of airspeed, Ugq/ Upmean
C,D  3rd and 4th tunnel corners downstream from
test section
c chord length of corner turning vanes
axial distance from vane TE plane
D diameter of drive fan
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HX
IRT
OGP
oGV

SMIRT
Station

STD
TE

da

dB

(I)avg

height of duct

heat exchanger

Icing Research Tunnel (6" x 9')

fan outlet guide plate, in the SMIRT
fan outlet guide vane, in the IRT
radial coordinate of polar plot (Fig. 8)
Scale Model Icing Research Tunnel
tunnel cross-section

standard deviation from the mean
airfoil trailing edge

axial airspeed

polar average axial velocity in the vent tower
within a 5-deg (0.09 rad) sector

mean axial airspeed in cross section
standard deviation of axial airspeed
turbulencein axial airspeed

axial turbulence intensity

lateral turbulencein airspeed

lateral turbulence intensity

width of duct

lateral distance from tunnel inner wall
normalized lateral distance, y/W
vertical distance above tunnel floor
normalized vertical distance, zZ/H
pitch flow angle (+ toward ceiling)
STD of pitch flow angle

yaw flow angle (+ toward outer wall)
STD of yaw flow angle

azimuthal coordinate (Fig. 8)

average of azimuths within a 5-deg (0.09 rad)
sector



Introduction

Background

Research in aircraft icing and component qualification
tests have been conducted in the Icing Research Tunnel
(IRT) at the NASA Glenn Research Center (GRC;
formerly the Lewis Research Center) for over fifty-five
years.l A plan view of the original, or baseline,
configuration of the IRT is shown schematically in
Figure 1(a). The air flow in the supply legs, from the
vent tower section downstream of the fan through the
refrigeration heat exchanger and into the stilling
chamber, has been shown to be unevenly distributed
across duct flow areas® ® It was theorized that these
flow distortions had two primary causes: (1) the uneven
“W” shape of the heat exchanger, which isillustrated in
Figure 1(b), and (2) the presence of two large fairings
around the legs of the support stand below the fan
motor and its nacelle, which are shown in Figure 2.

In 1999, NASA conducted a program of upgrades to the
IRT.* > The aforementioned W-shaped heat exchanger
was replaced with a flat-faced heat exchanger, changing
the configuration of the C-D leg of the IRT to that
shown schematically in Figure 3. These modifications
were designed to remove much of the distortion in the
flow entering the tilling chamber. To accommodate
the required surface area of the flat heat exchanger, the
duct between the third and fourth corners of the tunnel
loop (Corners C and D) was widened from 29.2 to
49.2 feet (8.9 to 15.0 m). This added width in the C-D
leg necessitated new cascades of turning vanes in
Corner C (with an expansion ratio of 1.7) and Corner D
(with a contraction ratio of 0.6).

In addition to these modifications to the C-D leg, outlet
guide vanes (OGVs) were added to the fan drive
assembly, in an effort to efficiently remove as much
swirl and angularity as possible from the outflow of the
fan. The original fan drive had inlet guide vanes to pre-
swirl the airflow entering the fan, but no OGVs to
straighten the flow leaving the fan.

Objectives of the Scale Model Program

A 1/10 th scale model of the IRT, designated as the
SMIRT and shown in Figures 4(a) to (g), was
constructed and tested for the purpose of reducing the

technical risk associated with making these major
changes to the IRT.° Flow quality was measured at all
critical sections of this scale model wind tunnel with the
objectives of (1) validating the aerodynamic designs of
the new corner turning vanes, and (2) providing
guantitative predictions of the expected improvements
in the uniformity of the flow entering the new heat
exchangers, the spraybars, and the Test Section of the
full-scale IRT after its modification. Additional goals
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of this effort were to (3) identify any potentia flow
problems with the new OGVs, heat exchangers, and
turning vanes, (4) provide flow quality data at locations
where it was not possible or practical to perform full-
scale measurements, and (5) avoid the high costs of full-
scale testing and interference with the very full research
test schedule of the IRT.

SMIRT Program

The SMIRT test program was conducted in two parts.
The first part consisted of tests, which qualified the
SMIRT as an accurate representation of the IRT with
regard to flow patterns.7 The SMIRT was first
configured to model the original or baseline IRT, to
verify that flow distortions occurring in the SMIRT
correlate satisfactorily with those measured in the
unmodified IRT. This verification was particularly
important because full-scale airspeeds were modeled in
the SMIRT and not Reynolds numbers.

The tunnel station (cross-section) selected for this
comparison was in the vent tower section, between the
fan motor nacelle and Corner C (Fig. 1). Flow
distortions measured in the SMIRT were found to
correlate closely with those measured previoudly in the
IRT. The first part of this study concluded with the
widening of the C-D leg of the SMIRT to the new
configuration shown in Figure 3, and with the
installation of scale models of the new flat heat
exchanger, the new C- and D-Corner turning vanes, and
flat outlet guide plates (OGPs) to simulate the airfoil
OGVsinthe IRT. Testswith plates of different lengths
were then conducted to determine the length needed to
straighten the outflow of the fan to the degree expected
inthe IRT.

The second part of the program consisted of a series of
flow-quality measurements made at key sections in the
SMIRT in its fully-modified configuration, which were
then projected to the full-scale | RT.% These sectionsare
located in the Vent Tower down-stream of the fan,
upstream and downstream of the new flat heat
exchangers, in the Stilling Chamber upstream of the
spray bars, in the Test Section, and in the wakes of the
new turning vanes in Corners C and D.

Comparison of IRT and SMIRT Flow Qualities

In this paper, recent measurement of flow quality in the
vent tower, tilling chamber, and test sections of the
full-scale modified IRT are compared with projections
based on SMIRT test data. The objective of this final
phase of the SMIRT program is to present an
assessment of the accuracy of these projections,
together with an evaluation of model details and lessons
learned during the course of the program.



Reynolds Number Considerations

Flow quality testing in the SMIRT was conducted at the
same airspeeds as testing in the IRT, so Reynolds
numbers in the SMIRT tests were only one-tenth those
in the IRT. For example, when the tunnel’s
characteristic length is taken as the square root of the
test section flow area and the test section airspeed is
350 mph (156 m/s), the SMIRT Reynolds number is
approximately 2.6 x 10°, compared to 26 x 10° for an
IRT test at the same airspeed. In this study it was
assumed that accurate modeling of flow distortions,
particularly in the low-speed ducts of the tunnel,
depended more on accurate modeling of internal
geometric shapes than on equality of Reynolds
numbers.

Recent measurements of flow quality in the IRT test
section, however, showed that airspeed and turbulence
do change with Reynolds number, while flow angles are
not significantly affected. ° Axia airspeed variations
(coefficients of variation and turbulence) increased
somewhat as the tunnel Reynolds numbers was
decreased by a factor of 3. Therefore, airspeed and
flow angle variations measured in the modified IRT
were expected to be equal to or less than the equivalent
parameters measured in the SMIRT, because of neutral-
to-favorable Reynolds number effects.

Summary of Flow Qualities M easured in the
IRT and SMIRT

After modifications to the IRT were complete, flow
quality surveys were conducted at Station 2 (Vent
Tower, downstream of the fan), Station 5 (Stilling
Chamber, upstream of the spraybars), and Station 6
(mid-length in the Test Section).’” ' In Table 1,
averages of flow qualities at these stations in the IRT,
before and after modification, are compared with
measurements on the modified SMIRT. SMIRT data
with both long and short OGPs are included where
available.

Comparison of the results for the modified IRT with
those before modification show that there were
improvements in al parameters in the Vent Tower and
the Stilling Chamber at the inlet to the spraybars.
Moreover, the scale of each improvement is generally
the same as that projected from the SMIRT data.

In the Test Section, the SMIRT data are a lower bound
on flow variations, because of the absence of spraybars.
In the IRT, flow quality remained the same except for
the coefficient of variation of airspeed in the core zone.
The latter parameter increased from 0.2 to 0.3 percent.
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Description of the SMIRT Test Facility
Baseline IRT Configuration

The SMIRT facility was designed and fabricated at
NASA’'s Glenn Research Center (formerly the Lewis
Research Center) beginning in 1991. This one-tenth
scale model of the IRT was designed to be modular, so
flow-conditioning devices or entire sections of the
tunnel can be easily ingtaled and removed. The
majority of the loop sections were fabricated using
0.5 in. (13 mm) thick clear acrylic walls supported by
rectangular aluminum frames, as shown in Figure 4(a).
Constant-area sections exist from the vent tower section
upstream of Corner C to the Stilling Chamber,
downstream of Corner D, with a width W of 35.0 in.
(889 mm) and aheight H of 31.4 in. (797 mm). A 14:1
contraction section, fabricated from welded aluminum
sheets, connects the Stilling Chamber to the Test
Section. The Test Section is 24 in. (609 mm) long,
10.8 in. (274 mm) wide, and 7.2 in. (183 mm) high.
Maximum air speed in the SMIRT Test Section is
550 ft/s (168 m/s).

Two diffusing sections, from the Test Section to Corner
A and from Corner A to Corner B, decelerate the
airflow while connecting the Test Section to the fan leg.
The fan leg, between Corners B and C, consists of four
components: (1) an inlet transition section, (2) acircular
section 30 in. (762 mm) diameter surrounding the fan,
(3) an outlet transition section, and (4) the Vent Tower
section. The transition and circular sections are
fabricated from fiberglass that is finished on the inner
walls, and supported by a wooden framework on the
outside of the tunnel.

The Vent Tower section is vented to the test cell
containing the SMIRT, producing an internal static
pressure that is dightly above atmospheric. The Vent
Tower section was originally fabricated from 0.5 in.
(127 mm) acrylic sheets, with 0.25 in. (6.4 mm) acrylic
doors that could be moved toward the center of the
section to allow venting. However, in order to support
the large actuators required to hold and traverse the hot-
wire probes used to measure air velocities, the acrylic
walls were replaced with 0.5 in. (13 mm) aluminum
plates mounted inside aluminum frames. Venting to
atmosphere is now accomplished through rectangular
openings on both sidewalls, which are 3.5 in (89 mm)
wide and 8.0 in. (203 mm) high and covered on the
outside by flexible flaps. These outward-opening flaps
model two personnel access doorsin the IRT that swing
open during fan operation to provide relief of internal
pressure.

The turning vanes in the baseline configuration of the
SMIRT were machined from phenolic tubing and



mounted to aluminum structures. The distinctive W-
shaped heat exchanger (Fig. 1(b)) was constructed as an
aerodynamic model only. The large manifolds in the
bends of the “W” were modeled with solid wood
fairings, while the tube banks were simulated with a
4-mesh screen, with four 0.035 in (9 mm) diameter
wires per inch (25 mm). During checkout testing, it was
determined that this screen size was too coarse to
produce flow patterns immediately downstream that
accurately represented the flow in the IRT in the same
area. Therefore, only measurements of flow distortion
upstream of the heat exchanger where used to qualify
the SMIRT facility during the first part of this study.

The eight horizontal spray bars in the IRT at the time
the SMIRT was designed were modeled by 0.75 in.
(19 mm) diameter solid aluminum cylinders, while the
three vertical supports were machined to an airfail
shape from aluminum bar stock. This spray bar model
was removed entirely from the modified SMIRT,
because the set of ten airfoil-shaped spray bars recently
installed in the IRT have much lower drag coefficients
than the round barsin the model.

Expanded C-D Leg Configuration

After the SMIRT flow was qualified as an accurate
representation of the IRT flow in the vent tower section,
the baseline C-D leg was removed and a hew C-D leg
was installed to model the modified IRT configuration
that isillustrated in Figure 3. This wider leg, shown in
Figure 4(b), was fabricated out of 3/16-in. (48 mm)
aluminum sheets riveted to aluminum frames.

Sixteen custom-designed turning vanes were installed
in Corner C to expand the flow by a factor of 1.7, and
sixteen vanes were installed in Corner D to contract the
flow by afactor of 0.6. Each new turning vane was cast
in one piece from a polyurethane-epoxy material around
an internal aluminum bar which was bolted to the tunnel
floor and ceiling.

Although each model turning vane was fabricated in
one piece (from floor to ceiling) the new turning vanes
in the IRT were actually built up in three segments.
Each vane had a flanged and bolted joint at 1/3 and 2/3
of its height. A continuous horizontal tie plate was
sandwiched between the flanges at each of these joints
and anchored to the tunnel’s inner wall. The tie plates
were designed to carry diagonal airloads on the vanes,
and the segmented construction reduced overal
fabrication costs. As will be discussed later, the tie
plates and flanges produced flow distortions that were
not found in the SMIRT.

Fan and Nacelle

A 12-bladed, 30 in. (762 mm) diameter fan shown in
Figure 4(c) drives airflow around the SMIRT circuit.

NASA/CR—2001-210687

Fan blades were machined from aluminum to match the
Clark Y profiles, twist, and taper of the laminated wood
blades in the IRT fan. The blades are held in place on
an aluminum hub by two aluminum disks. The nacelle
and support-leg fairings were fabricated from fiberglass,
while the support legs, the turbine shaft, and other
structural components inside the nacelle were fabricated
from carbon steel.

The fan is powered by a commercially available four-
stage air turbine motor with a 0-to-450 psia (O-to-
3,100 kPa) air supply. 2 The SMIRT fan rotates at
speeds up to 4,500 rpm (488 rad/s). Tests discussed in
this paper were performed at a fan speed of
approximately 4,400 rpm (461 rad/s), which produces
a test section airspeed of 350 mph (156 nvV/s). At this
speed the fan uses approximately 3.5 Ibm/s (1.6 kg/s) of
ar and generates approximately 60 hp (45 kW).
Remotely controlled globe valves regulate the airflow to
the turbine. Turbine air is conditioned to 120 F (35 C)
using a steam heat exchanger. The exhaust of the air
turbine is vented out of the nacelle through hollow
support legs and into the surrounding test cell. Test
section velocities and Mach numbers are calculated on-
line from the total pressure, static pressure, and total
temperature measured in the test section. Safety
systems close the globe valves supplying the turbine air
if tunnel temperatures, shaft bearing temperatures, shaft
speeds, or vibrations exceed allowable limits.

Simulated Outlet Guide Vanes

The 12 outlet guide vanes (OGVs) installed around the
fan motor nacelle in the modified IRT are cambered and
twisted airfoils with constant chord lengths of 6.0 ft
(1.8 m), or 0.24 D, where D is the fan diameter of
25.5 ft (7.8 m). Accurate modeling of these complex
airfoils was not cost-effective, so the expected flow-
straightening effect of the IRT OGVs was simulated
with five flat plates, as shown in Figures 4(d) and (e).
These outlet guide plates (OGPs) and the two nacelle
support legs were spaced approximately 51 deg apart.

Two plate chord lengths were tested to determine the
minimum length required to satisfactorily eliminate
most of the swirl effects in the fan outflow. The shorter
plates, shown in Figure 4(d), were 18 in. (457 mm) in
chord length (0.6 D, where D is the diameter of the
drive fan) and were fabricated from 0.5 in. (13 mm)
thick wood covered with several layers of fiberglass.
An epoxy-based paint provided a smooth finish. The
OGPs were held in place on the motor nacelle by a
U-shaped track, and several screws attached each baffle
to the outer wall of the tunnel. After Vent Tower flow
patterns with the shorter plates were determined, the
plates were extended to the length of the leg fairings,
which is 42 in. (1,067 mm) or 1.4 D. These longer
OGPs are shown in Figure 4(e). Extensions were




fabricated from 0.5 in. (13 mm) particleboard and
attached to the trailing edges of the shorter baffles.

The results of the OGP length tests are summarized in
the lower part of Table 2. Turbulence intensity and
flow angularity are minimized at an L/D ratio of
approximately 1.0. The coefficient of variation
continues to decrease with increasing plate length. On
the basis of these test results, it was decided to use the
longer OGPs for the remaining flow quality tests, with
the expectation that the actual airfoil OGVs would
produce similar flow straightening and uniformity in the
Vent Tower.

Sliding Mount for Instrument Probesin Test Section

An innovation that was very successful in improving the
repeatability of data measured in the tunnel test section
was the sliding mount for the actuator, which traverses
instrument sensors in the vertical direction. This mount
assembly is shown in Figures 4(f) and (g). The inserts
in Figure 4(g) show a five-hole probe and a single-
sensor hot-wire probe in place. Once the actuator is
positioned to be perpendicular to the slide the probe is
fixed paralel to the tunnel axis. The assembly can then
be moved laterally across a given station or axialy
from station to station without disconnecting and re-
connecting the actuator. Thus, changes in the probe’s
axial alignment, as it is moved from point to point and
dtation to station, are virtually eliminated with this
mounting system.

Flat Heat Exchanger

Two commercialy available fin-tube heat exchangers
were placed in a staggered arrangement in this wider
tunnel leg as shown in Figures 3 and 4(b). This offset
design was selected for the IRT in order to provide
access for maintenance on the end turns of the coolant
tubes in each assembly, without significantly increasing
the width of the C-D duct. If the two assemblies were
aligned an access space between them would be needed,
which would require the width of the C-D leg to be
increased even further in order to obtain the same heat-
exchanger flow area. Each of the SMIRT heat
exchangers is 31 in. (787 mm) high by 285 in.
(724 mm) wide, and is comprised of 8 rows of 3/8 in.
(95 mm) diameter tubes with twelve 0.008 in. (2 mm)
thick fins per inch. These heat exchangers were used
only as aerodynamic models in these studies and were
not operated.

The numbers of tube rows and the fin separation in
these heat exchangers were selected to provide the same
pressure drop in the SMIRT as that expected across the
new heat exchangers in the IRT.S Heat-exchanger
pressure drop data from both the SMIRT and the IRT
are shown in Figure 5. It can be seen from these data
that the pressure drop measured across the SMIRT heat
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exchanger (HX) falls within the range experienced with
the IRT “W” heat exchanger, with and without frost.™
This range was used in the preliminary design of the flat
heat exchanger. The SMIRT and IRT data are in close
agreement, for the dry condition. Also, icing runtimeis
seen to have little effect on the pressure loss in the IRT.
However, pressure drops in both the scale-model and
full-scale HXs were under predicted by about
70 percent.

As aresult of selecting the SMIRT HX on the basis of
pressure drop from commercially available units; the
thickness of these model components is about
70 percent larger than the desired 1/10th of the
thickness of the HXs to be installed in the IRT. This
causes the relative distances from the new Corner C
turning vanes to the HX in the SMIRT to be smaller
than those in the modified IRT. Therefore, the flow
distortions in the wakes of the turning vanes near the
inner wall are expected to dissipate more quickly in the
IRT than in the SMIRT, before entering the heat
exchanger.

Because of the greater relative dissipation distance, it is
expected that any flow distortions caused by the offset
of the heat exchangers and by the Corner C turning
vanes will be significantly smaller in the modified IRT
than in the SMIRT. Nevertheless, only the measured
values of axial turbulence are reduced to account for the
larger dissipation distance. Other flow variation
parameters at the heat-exchanger inlet station are
projected to the IRT exactly as measured in the SMIRT.

Tunnel Operating | nstrumentation

All data presented in this report were measured at a test
airspeed of 350 mph (157 m/s), without model blockage
in the Test Section. Pressures in the test section for
determining tunnel airspeed were measured using a
Pitot probe with outer and inner diameters of 0.125 in.
(3.2 mm) and 0.055 in. (1.4 mm), respectively, and
chamfered walls. The probe was positioned on the
centerline of the tunnel 18 in. (457 mm) downstream of
the test section inlet plane. Additionally, pressure taps
of 0.020 in. (0.5 mm) diameter in the walls and floors of
the tunnel sections provided static pressure values.
Pressure were measured by an electronic scanning
system using 5 psid (35 kPa) modules and recorded on a
mainframe computer via the standard facility data
acquisition system.

Temperatures at the exit of the test section, in the
stilling chamber, and inside the test cell were measured
using type-K thermocouples. The air turbine contains
instrumentation to supply tunnel operators with bearing
temperatures and shaft speed. Other instrumentation is
present inside the nacelle to provide data on shaft
speed, nacelle temperature, shaft bearing temperatures,
and support vibration amplitudes.



Flow Quality | nstrumentation

Measurements of local airspeed, flow angle, and
turbulence were made with hot-wire X-probes, in which
0.00015 in. (0.0038 mm) diameter tungsten wires are
oriented at +/- 45 degrees with respect to the flow
direction. Each hot wire was connected to a 60 ft
(18 m) low-impedance coaxial cable. Each of these
anemometers was equipped with its own signa
conditioner for low-pass filtering, DC offsetting, and
amplifying. A four-channel 12-bit analog-to-digital
converter with an input range of +/- 5 volts was used to
digitize the anemometer bridge values after signal
conditioning. A personal computer with commercialy
available software ® was used to control the data
acquisition process and to store the data. Each probe
was calibrated in a free-jet facility at speeds up to
150 ft/s (46 m/s) together with its data acquisition
equipment before use in the SMIRT.

Data acquisition sampling frequencies, low-pass filter
frequencies, amplifier gains, and DC-offsets for the hot-
wire measurements were 2,000 Hz, 500 Hz, 7, and 1
VDC, respectively. Low-pass frequencies were set at
1/4 of the sampling frequency to prevent aliasing of the
data. Raw anemometer bridge voltages (before signal
conditioning) for hot-wire probes typically vary
between 0.8 and 1.5 V for velocities of 0 and 150 ft/s
(46 m/s), respectively. A total of 12,288 data points
were taken during each measurement traverse.

The hot-wire probes were mounted to a traversing
mechanism that allowed data to be taken efficiently at
precise locations throughout various cross-sections in
the tunnel circuit. *® Probes were mounted at the end of
an actuator that allowed measurements to be made over
distances of 30 in. (762 mm) vertically and 34 in.
(864 mm) horizontally. Post-processing of the hot-wire
probe data provided velocity profiles, flow angles, and
turbulence levels. These data could then be further
manipulated to determine average velocities across
entire stations, standard deviations from these averages,
and velocity polar plots.

In the test section, a five-hole flow-angle pressure probe
and a hot-wire probe with a single sensor were used.
The five-hole probe provided axial velocities and flow
angles, and the hot-wire sensor provided turbulence
data

Data Acquisition Locations and Scope

Figure 6 shows the location of seven key stations
around the tunnel circuit, selected from among the
15 stations where flow quality data were taken during
this study. Both horizontal and vertical traverses were
made with hot-wire anemometer probes at Stations 2, 3,
5, and 6, while horizontal traverses were made at
Stations 3a, 4, and 5a. Horizontal and vertical traverses
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with 5-hole Pitot pressure probes were made across
Station 6.

Flow measurements outside the Test Section were
usually made at intervals of 1.0 in. (25.4 mm) aong
each traverse. At Stations 3a, 5, and 5a intervals were
0.25 in. (6.3 mm), in order to accurately measure local
effects within the wakes of the turning vanes. All the
hot-wire traverses produced measurements of axial
airspeed and turbulence, and lateral (either pitch or
yaw) airspeed and turbulence. Lateral flow angles,
either pitch or yaw, were then calculated from the ratio
of lateral-to-axial airspeeds. Pressure measurements in
the Test Section with the 5-hole probe produced axial,
pitch, and yaw airspeeds and pitch and yaw angles
directly, at intervals of 0.25 in. (6.3 mm).

Facility Qualification Tests

Station 2 in the Vent Tower of the unmodified SMIRT
and its counterpart in the IRT were selected as the
measurement locations for conducting a baseline tunnel-
to-tunnel comparison. The purpose of these preliminary
tests was to verify that SMIRT flow patterns represent
those in the IRT, both qualitatively and quantitatively.
Large, asymmetric variations in airspeed have been
measured in this area of the IRT, which provided a
meaningful test for the SMIRT. The results of these
qualification tests are shown in Figures 7 and 8 and are
summarized in the upper part of Table 2.

Horizontal and Vertical Traversesin Vent Towers

Figures 7(a), (b), and (c) show clearly the similarities
between horizontal profiles measured in both tunnels.
Axia velocities were measured in the IRT at
normalized heights of 0.33H and 0.67H, and in the
SMIRT at 0.25H, 0.50H, and 0.75H, where H is the
height of the relevant duct. Although the data in the
two tunnels were measured a somewhat different
relative heights, the flow patterns are very similar. Data
in Figure 7(a) can be compared to show that the flow
variations in the lower portions of both vent tower
sections are amost identica.  Both tunnels have
maximum velocities on centerlines of approximately
56 ft/s (17.1 m/s), trailing off to approximately 38 ft/s
(11.6 m/s) on the inner wall, and to approximately 20
ft/s (6.4 m/s) near the outer wall.

Data in Figure 7(c) can be compared to show that the
flow variations in the upper halves of the Vent Tower
sections are also very similar. Both tunnels show nearly
uniform velocity profiles of approximately 32 ft/s
(9.7 m/s) for the inner halves of the Vent Tower
sections, dropping off to less than 20 ft/s (6.1 m/s) near
the outer walls. Comparing Figures 7(a) and (c), it is
clear that in both tunnels flows near the floor are
generally much faster than those near the ceiling.



Figures 7(d), (e), and (f) present axial velocity values
measured in the IRT at normalized distances of 0.33W
and 0.67W from the inner wall of the Vent Tower duct,
and in the SMIRT at distances of 0.25W, 0.50W, and
0.75W, where W is the width of the relevant duct.
Again, the data were measured at somewhat different
relative distances from the inner walls of the two
tunnels, but the flow patterns can still be seen to be very
similar. In both tunnels, the maximum velocity near the
floor on the inner half of each tunnel is approximately
70 ft/s (21.3 m/s) and decreases with height to less than
30 ft/s (9.1 m/s) near the ceiling. This very large
velocity gradient in the IRT is modeled well in the
SMIRT.

Data in Figure 7(f) show that the flows in the outer
halves of the vent tower sections are similar as well.
Both show an average velocity of approximately 30 ft/s
(9.1 m/s) above the centerline, a higher velocity near the
floor, and a lower velocity near the ceiling. Figures
7(d) and (f) also show that flows near the inner walls of
both tunnels are generaly faster than those near the
outer walls.

Polar Plot Representation of Traverse Data

The datatrendsin Figure 7 suggest a pattern of high and
low velocity regions distributed circumferentially
around the axial centerline of both the IRT and the
SMIRT. This pattern can best be identified by means of
a polar plot of the same velocity data presented in
Cartesian coordinates in Figure 7. Figure 8(a) illustrates
how a polar plot can be created. This figure represents
a downstream view of Station 2 in the vent tower
section, with the inner (south) wall of the tunnel to the
left. The cross section is first divided into 5-deg
(0.09 rad) sectors centered on the axial centerline. All
velocity measurements with a given sector are averaged
together to obtain a value designated as the U, for that
sector. The sector averages are then normalized by the
mean axial velocity for the total cross-section, Uyean-
The resulting velocity ratios are then plotted on polar,
with the radial coordinate r = Ugayg / Upnean @nd azimuthal
angle ¢ = dayg, the sector average azimuthal angle.

The polar plots at Station 2 in Figure 8(b) clearly show
that both the IRT and the SMIRT tunnels have a higher
velocity region near the floor and directly to the left of a
radial line projected downstream from the south leg of
the fan nacelle. In both tunnels the velocities in this
region approach twice the mean velocity of the section.
The direction of fan rotation in this view is counter-
clockwise and the residual whirl velocity in the fan
wake is in the same direction. Therefore, the higher
velocities are apparently the result of an interaction
between the whirl velocity and the long wall (1.4 D in
length) formed by the south leg fairing and the south
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wall of the motor nacelle. The opposite interaction is
observed in the upper-right in this figure, where there is
aregion of much-reduced velocity in the lee of the north
leg fairing and the north wall of the motor nacelle. Itis
clear from this polar plot that the SMIRT flow
accurately models the IRT flow distribution
downstream of the fan as it is distorted by the motor
nacelle structure.

Flow-quality data averaged across Stations 2 in the
SMIRT and the IRT are listed in the upper part of
Table 2. The SMIRT axia airspeed coefficient of
variation, a parameter strongly influencing the
uniformity of cooling in the downstream HX, is closeto
that of the IRT (32 vs 37 percent). Average turbulence
intensity and the standard deviations of both the yaw
and pitch flow angles in the IRT are all accurately
modeled in the SMIRT. The flow angle correlation
between the SMIRT and the IRT confirms that the
residual swirl in the IRT fan wake is modeled
satisfactorily in the SMIRT.

On the basis of the very close agreement between the
SMIRT and the IRT flow parameters across Station 2 in
each Vent Tower, it is concluded that the SMIRT
produces an accurate model of the flow distortions
present inthe IRT. Also, differences of afactor of 10in
Reynolds number do not appear to be significant. This
qualifies the SMIRT as a tool for evaluating the extent
to which the IRT modifications can be expected to
reduce these flow distortions.

Results and Discussion

Unmodified and Modified IRT, Compared to Modified
SMIRT

After modifications to the IRT were complete, flow
quality surveys were conducted at Stations 2 (Vent
Tower, downstream of the fan), Station 5 (Stilling
Chamber, upstream of the spraybars), and 6 (mid-length
in the Test Section).lo’ 1 nTable 1, averages of flow
qualities at these stations in the IRT, before and after
modification, are compared with measurements on the
modified SMIRT. SMIRT data for both long and short
OGPs are included where available.

Comparison of the results for the modified IRT with
those before modification show that there were
improvements in all parameters in the Vent Tower and
Stilling Chamber at the inlet to the spraybars.
Moreover, the scale of each improvement is generally
the same as that projected from the SMIRT data.

In the Test Section, the SMIRT data are a lower bound
on flow variations, because of the absence of spraybars.
In the IRT, flow quality remained the same except for
the coefficient of variation of airspeed in the core zone.
The latter parameter increased from 0.2 to 0.3 percent.



IRT Changes Estimated from Modified SMIRT Tests

Table 3 lists the flow quality parameters for the
selected stations in the IRT, as averaged across each
station in its baseline (original) configuration and
advance estimates of these same parameters after
modifications to the facility. The latter estimates are
projected from the tests conducted in the SMIRT. The
two columns on the left of Table 3 designate the stations
studied. The remaining columns list the four parameters
which are used here as measures of flow variability, as
follows: (1) Axia airspeed coefficient of variation,
(2) axial turbulence intensity, (3) standard deviation of
pitch flow angle, and (4) standard deviation of yaw flow
angle. Standard deviations of flow angles are given
rather than straight averages, because flow angle
averages are essentially zero in a closed duct.

This side-by-side comparison of baseline and modified
variability data shows the scope of flow-quality
improvements expected in the modified IRT, from the
Vent Tower through the heat exchanger and into the
spraybar inlet. Projected improvements in the Test
Section flow quality are less dramatic but till
important. Improvement in flow quality in the low-
speed sections of the tunnel was expected to result in
some improvement in the icing cloud uniformity. An
evaluation of icing cloud improvements is a significant
part of the planned activation testing of the modified
IRT.

Details of the flow distributions at key stations are
presented below.

Station 2. Vent Tower Area Downstream of the Fan

Figures 9(a) to (d) illustrate the flow distribution
measured in the modified SMIRT Vent Tower, as
compared with that in the SMIRT baseline
configuration. It is evident that the OGPs have been
very effective in reducing the maximum and minimum
values of al four of these flow variability parameters.
For example, the airspeed COV was reduced from a
value of 41 percent without OGPs to only 14 percent
with the longer OGPs in the SMIRT. This led to the
conclusion that the OGVs in the IRT would perform
aerodynamically as designed, significantly flattening the
airspeed profile and straightening the outflow of the fan
before it enters Corner C.

Stations 3a and 5ac Wakes of New Turning Vanes in
CornersC and D

Figures 10(a) and (b) illustrate the novel airfoil
contours and the wake flow patterns of the new turning
vanes in Corners C and D. The vector lines represent
the combined axial and lateral airspeeds at 0.25-in.
(6.3-mm) intervals along horizontal traverses. In Figure
10(a), the flow remains attached to the vanes during its
69-percent expansion from the vent tower to the C-D
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leg. Large variations in airspeed are seen between
vectors immediately downstream of the vane trailing
edge and midway between vanes.

The yaw flow toward the inner wall indicates a
tendency for the flow to go around the protruding
corner of the outer heat exchanger. As mentioned
previoudly, this effect will be less in the IRT because
the relative distance to the outer heat exchanger will be
larger and the relative misalignment of the two upstream
HX faces will be smaller than in the SMIRT. In Figure
10(b), flow downstream of the Corner D turning vanes
is seen to be well attached, with smaller variations in
airspeed and yaw flow angles. This is to be expected
because of the converging action of these vanes.

Figure 11 presents a comparison of the changes that
occur in turbulence intensity as the flow passes through
the two different cascades of turning vanes. Turbulence
intensity is plotted against the normalized distance from
an imaginary vertical plane touching the trailing edges
of each vane row. The normalization lengths are the
vane chords, which are 5.76 in. (146 mm) for both the
C- and D-corner vanes. At Corner C, the turbulence
intensity level rises sharply from its vent-tower level as
the flow encounters and passes through the vane row.
Downstream of the C-vanes, turbulence decays with
distance, reaching the vent-tower level in about two
chord lengths. A somewhat lower asymptotic level is
reached after three to four chord lengths. At Corner D,
however, the lower turbulence in the flow received from
the heat exchanger changes little while passing through
the vane row and then decays to less than half of its
initial intensity after 2 to 3 chord lengths.

On the basis of these test data, the new turning vanes
were predicted to perform as designed, with flows
remaining attached while being turned, expanded, and
contracted. Persistence of the wake defects was aso
predicted.

Station 3: Upstream of the Heat Exchanger in the C-D
Leg

Twelve instrumentation traverses were made across
Station 3 in order to accommodate the stepped surface
of the heat exchanger. Four horizontal traverses were
made from each of the tunnel’s side walls at 3.0 in.(76
mm) upstream from each HX face. Four vertical
traverses from the tunnel ceiling were also made at this
same upstream distance. The normalized latera
positions for each of these traverses (y/W) were 1/8, 3/8,
5/8, and 7/8. The HX design for the modified IRT (Fig.
3) has each of the two heat exchanger assemblies, each
containing four identical modules stacked vertically.
The four horizontal traverses made from each wall were
at the normalized heights (z/H) of 1/8, 1/3, 2/3, and 7/8,
to determine the expected flow quality at the
approximate mid-height of each IRT module.




The flow quality results obtained from the horizontal
and vertical traverses across Station 3 are shown
graphically in Figure 12 and listed in Table 4. Figures
12(a) and (b) show the lateral and vertical distributions
of relative axial airspeed, U /U yean, iN Which U ey IS the
mean value of axial airspeed measured during all twelve
traverses at Station 3. Based on these SMIRT data,
airspeeds are expected to be somewhat higher in the
lower modules of the inner heat exchanger in the IRT,
as noted in Table 4. This effect is a continuation of the
distortion pattern measured previously in the Vent
Tower area, but here the gradients have been reduced.

When the airspeed measurements across Station 3 are
averaged according to their HX locations, it is seen that
about 53 percent of the flow enters the inner heat
exchanger, with about 47 percent entering the outer.
Coolant flow rates are controlled separately to each of
the eight heat exchanger modules in the IRT, so it is
fully expected that heat-transfer compensation can be
made for this relatively small inequality in airflow

Referring again to Figure 12(a), the axial airspeeds
near the inner wall are highly distorted by the wakes of
the inner three turning vanes in Corner C. Again, the
distance from these vanes to the SMIRT heat
exchangers is smaller than scale. For example, the
SMIRT anemometer probe was only one-half a chord
length downstream from the trailing edge (TE) of the
innermost vane. In the full-scale IRT, the distance from
the TE of this same vane to the face of the inner heat
exchanger will be 1.5 chord lengths. The decay rate
illustrated in Figure 11, means that similar wake-
induced distortions of the axial airspeed in the IRT are
expected to be only half as large as those shown in
Figure 12(a).

Figures 12(a) and (b) illustrate the effect on axial
airspeed of the step at mid-width of the tunnel, which is
seen as a sharp drop of 10 to 15 percent from the inner
to the outer heat exchanger. The airspeed continues to
drop from mid-width to the outer wall, where the
airspeed is only about 75 percent of the mean. Figures
12(c) and (d) show the measured distributions of yaw
and pitch flow angles at Station 3. The large negative
yaw angles visible in Figure 12(c) near the middle of
the duct indicate that the step in the HX structure is
causing a local flow toward the inner heat exchanger.
Yaw angles are positive near the outer wall, which
indicates that the flow is still expanding downstream of
the turning vanes. This same expansion is indicated by
the pitch flow pattern in Figure 12(d), in which pitch is
positive below the ceiling and negative above the floor.
Diffusion into the larger flow area of the C-D leg
continues to take place up to the faces of the heat
exchangers.

NASA/CR—2001-210687

Station 4: Heat Exchanger Outlet in the C-D Leg

The tubes and fins of the heat exchangers act like
screens on the airflow and can be expected to improve
the quality of the flow across the duct. Flow
measurements were therefore made a short distance
downstream of the SMIRT heat exchangers to
determine the extent of these expected beneficia
effects. Because of the small size of the inner tunnel
wall and the limited length of the anemometer prabe,
only the outlet of the outer HX and part of the outlet of
theinner HX were accessible for flow measurements.

Figures 13 and Table 5 present the results from the
four horizontal traverses that were made at Station 4.
Figure 13(a) shows that the axial airspeed increases
from the outer wall inward, with little height variation
above the floor. Near the middle of the duct, the wake
of the centerbody of the HX assembly causes a large
local deficit in the airspeed. In the short segment of the
traverse that was downstream of the inner HX, the
airspeed appears to continue to increase with decreasing
distance from the inner wall.

The limited SMIRT airspeed data obtained at Station 4
were then projected across the inner unit of the HX, as
shown by the dashed line in Figure 13(a). This
projection was made on the basis of severa
assumptions.  First, the airspeed gradient increasing
from the outer wal to mid-duct was assumed to
continue to the inner wall. Second, the division of flow
between inner and outer HXs at their outlets was
assumed to be the same as at their inlets. Third, the
boundary-layer reduction in airspeed at the inner wall
was assumed to be the same as that measured at the
outer wall. Finally, the deficit caused by the centerbody
was assumed to be only one-haf as severe as that
measured in the SMIRT, because the aft fairing on the
IRT centerbody is significantly more aerodynamic than
the blunt aft fairing in the SMIRT.

Figure 13(b) shows the lateral distribution of measured
and projected yaw flow angles across the HX outlets.
These are generally small, except for the flow in the
wake of the HX centerbody. Angular flow distortions
in the IRT in this area were projected to be only one-
half of those measured, because of the improved
aerodynamic shape of the full-scale HX aft fairing.
Lateral flow was assumed to be symmetric with respect
to the center plane of the duct, so yaw flow angles
downstream of the inner HX were projected to be the
negative of those measured downstream of the inner
HX.



Station 5: Spray Bar Inlet Plane in the Stilling Chamber

Uniformity of the flow entering the spray bar section of
the IRT is critical to the uniformity of the test section
icing cloud. Therefore, one of the main reasons for
modifying the IRT is to improve the quality of the
airflow at Station 5, leading into the spray bars. The
SMIRT tests showed that major improvements in the
uniformity of airspeed across Station 5 could be
expected in the modified IRT, as shown graphically in
Figures 14(a) to (d). In Figure 14(a), the large periodic
variations from floor to ceiling in the baseline IRT,
which were caused by the wakes of components in the
“W"-shaped heat exchanger, are completely eliminated
in the modified SMIRT. This figure shows dramatically
the flow benefits of the flat heat exchangers.

The flow angularity distributions shown in Figures
14(b) and (d) indicate that the flow is continuing to
expand dlightly toward the walls, floor, and ceiling.
However, flow angularity is less than 1.0 deg in both
pitch and yaw in most of the duct.

Figure 14(c) presents a comparison of the lateral
distributions of axia airspeed before and after
installation of the flaa HX. Baseline variations of
almost +/-50 percent were projected to be amost
completely eliminated with the flat HX. The modified
airspeed distribution in the SMIRT increases somewhat
from outer wall to inner wall, as was observed
previously in the flow at the heat exchanger. Some flow
distortions are noted near the inner wall from the wakes
of the nearest turning vanes, and the flow deficit from
the HX centerbody is still noticeable in the middle of
the duct.

Table 6 lists the results of the flow quality
measurements made in the modified SMIRT at Station
5. Data have been averaged according to pairs of the
eight zones in the wakes of the eight HX modules,
which are shown in the diagram below the table. Axial
airspeed and turbulence in zones 6 and 8 near the inner
wall and floor are somewhat higher than average, and
these same parameters are below average in zones 1 and
3 near the outer wall and ceiling.

Figures 15(a) to (€) present comparisons between flow
parameters actually measured across Station 5 in the
modified IRT *°and those measured at the same station
in the modified SMIRT. Figure 15(a) shows the
vertical distribution of axial airspeed on the centerlines
of each tunnel. Airspeeds have been normalized by the
average airspeed across the section. In the IRT, two
deficits are apparent from the two tie plates in the array
of turning vanes in Corner D that were described
earlier. By contrast, the data from the SMIRT, which
had no tie plates, show much less flow distortion.

NASA/CR—2001-210687

Figure 15(b) shows the lateral distribution of
normalized axial airspeed a the mid-elevation of
Station 5. Here the flows in the IRT and SMIRT arein
very close agreement. The wakes of each D-corner
turning vane are obvious in both, particularly near the
inner wall where the vanes are relatively close to the
station. The drop in airspeed that occurs in the IRT
from mid-tunnel to the outer wall is modeled almost
exactly in the SMIRT. At the center, the SMIRT
distribution shows a deficit in airspeed attributed to the
rather blunt centerbody in the model heat exchanger.
The IRT distribution actually shows arise in airspeed at
the center, which is unexplained, athough the HX
centerbody in the IRT is much more streamlined than in
the SMIRT.

Yaw flow angles across Station 5 are shown in Figure
15(c). The IRT and SMIRT distributions match very
closely in the center area. The large differences near
the inner wall are attributed to the fact that the IRT has
a rounded inner corner where the C-D leg meets the
Stilling Chamber, but the SMIRT has a square corner.

In Figure 15(d) the lateral distributions of axial
turbulence intensity are shown for the IRT and SMIRT.
Agreement is very good near the outer wall. The
differences near the inner wall are apparently the result
of less decay of the turbulence from the D-corner
turning vanes in the SMIRT. Apparently, the decay
distance does not scale exactly. The amount of decay
may also depend on elapsed time, and SMIRT time
periods are only 1/10 that of equivalent IRT periods.

Finally, Figure 15(e) illustrates the generally isotropic
nature of the turbulence in both the IRT and SMIRT.
Here axial turbulence intensity is plotted versus the
lateral turbulence intensity occurring at the same
location and time. Equality of these two parameters
would represent ideal isotropic behavior.

Station 6: Mid-Length of the Test Section

Figure 16 and Table 7 describe the flow distribution
measured across Station 6, at the mid-length of the Test
Section where test models are normally mounted in the
IRT. It should be noted that these Test Section data
were taken without the original SMIRT spraybar model,
which had a very high drag and no longer represented
the current streamlined spraybarsin the IRT. Zero drag
was determined to be a closer representation to the best
flow quality attainable in the modified IRT, so no
spraybar model was used. Figure 16(a) illustrates the
locations of the five vertical traverses that were made
with both hot-wire and 5-hole probes to obtain these
data.




Figure 16(b) shows a very uniform vertical profile of
the axial airspeed. Referring to Tables 2 and 6, the
airspeed coefficient of variation (COV) of this profile
projected for the modified IRT was only 0.2 percent,
compared to a COV of 0.4 percent in the baseline IRT.
When only the 4-ft x 5-ft (1.2-m x 1.5-m) core of the
test section flow (Station 6') is examined, the COV was
estimated to improve from the 0.2 percent measured in
the baseline IRT to a negligible 0.02 percent in the
modified SMIRT. The turbulence intensity for the 4-ft
x 5-ft core is reduced by the modifications from 0.6 to
0.3 percent at 350 mph. Baseline IRT turbulence data
for the entire 6-ft x 9-ft (1.8-m x 2.7-m) cross-section
were not available, but in the SMIRT this larger zone
had a turbulence intensity of 0.4 percent. The axia
airspeed COV and turbulence intensity projected for the
test section in the modified IRT were so low that the
mixing of the nozzle sprays normally provided by
turbulence might be adversely affected. Incomplete
mixing would result in a series of thin, clearly visible
horizontal cloud “layers’, instead of one uniform cloud
throughout the IRT test section.

Figures 16(c) and (d) show the vertical variation of
pitch and yaw angle graphicaly, while their standard
deviations are listed in Table 7. The standard deviation
of the pitch flow angles projected for the modified IRT
was 0.3 deg, compared to 0.6 deg in the baseline IRT.
When examining the center core flow area (4-ft x 5-ft),
the standard deviation of pitch angle was estimated to
drop from 0.6 to 0.3 deg. The standard deviations of
yaw flow angles in the test section of the modified IRT
were projected to be only 0.2 deg, compared to 0.7 deg
measured in the baseline IRT. In the center core flow
area, the standard deviation in yaw angle was projected
to drop from 0.6 deg to 0.2 deg, as aresult of the tunnel
modifications.

Bar Chart Summary of Flow Quality |mprovements

Bar charts are presented in Figures 17(a) to (c) to
illustrate the estimates of the relative sizes of the
improvements in flow quality parameters at three key
gtations in the IRT as a result of the 1999 upgrades.
These charts are a graphical representation of the data
inTable 1.

L essons L earned During the SMIRT Proj ect

1. A. substantial amount of pressure data should be
taken around the model loop, including differential
pressure data across al elements which can
produce alossin total pressure.

2. Both mgjor and minor internal details should be
modeled with as much accuracy as possible. In
these studies, such details would include the OGVs,
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the tie plates in the turning vanes, the centerbody in
the heat exchanger, and the inside corner fairings.

3. Unless al flow distorting elements are modeled
accurately, the model results may often lead to
optimistic estimates of the sizes of flow defects.

4. The method used by the heat exchanger designer to
estimate drag loss was very inaccurate, for both the
model and full scale HXs. The data from this study
and from IRT measurements should be used to
correct the method used.

5. The instrumentation and data acquisition methods
used in this study were very satisfactory and are
recommended for future programs.

6. The initial assumption that Reynolds number
matching would not be required for accurate
modeling of flow defects was verified.

Conclusions

The test program in the scae-model IRT (SMIRT)
facility has accomplished its stated goals. Tests in the
SMIRT provided quantitative estimates of the flow
quality improvements to be expected after major
modifications were made to the IRT. SMIRT tests also
confirmed the absence of flow problems associated with
the outlet guide vanes that condition the flow
downstream of the fan, or with new expanding and
contracting corner turning vanes of a novel design.
These model tests allowed facility engineers to avoid
costly full-scale testing of new components in the IRT
and interference with the very full test schedule of the
IRT. The SMIRT test procedures and results also
established the basis for many of the re-activation tests
in the modified IRT. The SMIRT facility can be made
available for future testing of proposed IRT
modifications or as an independent subsonic wind
tunnd facility.
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Tablel

Comparison of Flow Quality ParametersMeasured in the SMIRT and IRT

Tunnel station and IRT IRT SMIRT after modification
Flow parameter Before after
modification modification Long Baffles Short baffles
2. Vent Tower
Airspeed COV (%) 36.6 26.2 13.9 26.3
Axial turbulence intensity (%) 234 22.7 215 21.1
Lateral turbulence intensity (%) 19.2 215 16.0 16.3
Pitch angle STD (deg) 6.4 2.7 2.7 20
Yaw angle STD (%) 53 1.9 17 23
5. Spraybar inlet
Airspeed COV (%) 215 42 5.2 45
Axial turbulence intensity (%) 8.4 2.6 37 38
Lateral turbulence intensity (%) 6.3 3.2 3.8 32
Pitch angle STD (deg) 1.0 14 0.8 1.0
Yaw angle STD (%) 35 24 14 13
6. Test Mid-Section: 6-ft x 9-ft zone No spraybars
Airspeed COV (%) 0.4 0.4 0.2
Axial turbulence intensity (%) 04
Lateral turbulence intensity (%) - - - —
Pitch angle STD (deg) 0.7 0.7 0.3
Yaw angle STD (%) 0.7 0.3 0.2
6'. Test Mid-Section: 4-ft x 5-ft zone No spraybars ---
Airspeed COV (%) 0.2 0.3 0.02
Axial turbulence intensity (%) 0.6 0.6 0.3 -—-
Lateral turbulence intensity (%) 0.8 0.3
Pitch angle STD (deg) 0.7 05 0.3
Yaw angle STD (%) 0.5 0.3 0.2
NASA/CR—2001-210687 13




Table2

Summary of Flow Quality Parameters Averaged Across Station 2:
Vent Tower Section Between Fan and Corner C

Configuration of | Variation of axial Turbulence STD of pitch flow | STD of yaw flow
fan nacelle baffles| airspeed, COV intensity, angle angle,
(percent) DU/U da dap
(percent) (deg) (deg)
IRT and SMIRT in Baseline (Original) Circuit Configuration (a)
IRT: 36.6 234 6.4 5.3
No OGV's
SMIRT: 324 27.6 6.8 6.8
No OGPs
SMIRT in Modified Circuit Configuration (b)
Two Lengths of Radia Outlet Guide Plates (OGPs) Simulating OGV's
No OGPs 41.3 335 5.1 55
5 OGPs with 26.3 21.2 2.0 2.3
L=06D
Least swirl: 19.1 19.0 17 15
L=10D
5 OGPswith 139 215 2.7 17
L=14D(c)
(@ W-shaped HX; no OGVs
(b) Expanded-width C-D leg, with flat heat exchangers
(c) Edtimatefor IRT; expected to be closest to final configuration of modifications
Table 3.
Summary of Changesin Average Flow Quality Parameters
Estimated from SMIRT Test Data for IRT Stations
Station Section Variation in axial Axial turbulence STD of pitch STD of yaw
no. Name airspeed, intensity, flow angle, flow angle,
cov u/u da ap
(percent) (percent) (deg) (deg)
Actual: Est.: Actual: Est.: Actual: Est.: Actual: Est.:
Baseline | Modified | Baseline | Modified | Baseline | Modified | Baseline | Modified
IRT IRT IRT IRT IRT IRT IRT IRT
2 Vent tower: 36.6 13.9 23.4 215 6.4 2.7 5.3 1.7
C-corner inlet
3 HX inlet 26.0 14.1 15.4 18.8 4.8 1.9 2.0 4.6
4 HX outlet 445 7.0 29.0 9.0 5.1 0.6 3.6 0.6
5 Stilling chamber: 215 5.2 8.4 3.7 1.0 0.8 3.5 1.4
Spraybar inlet
6 Test mid-section: 0.4 0.2 0.4 0.7 0.3 0.7 0.2
(a) 6-ft x 9-ft zone
6’ Test mid-section 0.2 0.02 0.6 0.3 0.7 0.3 0.5 0.2
(a) 4-ft x 5-ft zone

(a) Estimates without effects of spraybars; no spraybar model in SMIRT

NASA/CR—2001-210687
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Table 4.

Estimated Flow Quality Parametersat Station 3in M odified IRT:
Heat Exchanger Inlet, Averaged According to HX M odule L ocations

Heat exchanger Normalized axial | Variation of axial Turbulence STD of pitch STD of yaw
And airspeed, airspeed intensity (a) flow angle, flow angle,
Module number U/Umean cov du/u da dp
(percent) (percent) (deg) (deg)
Outer HX
2 (top) 0.93 13.4 20.4 2.2 4.2
4 1.02 11.9 19.0 0.5 4.5
6 1.13 15.0 20.0 12 4.5
8 (bottom) 111 16.4 21.3 0.9 4.9
Outer HX averages 1.05 16.3 20.2 1.3 4.5
Inner HX
1 (top) 0.86 5.1 17.3 14 2.7
3 0.99 8.1 17.2 14 2.9
5 1.00 8.4 17.2 14 4.5
7 (bottom) 0.95 7.6 17.1 1.2 6.0
Inner HX averages 0.95 9.3 17.2 14 4.3
Estimated averages for
Station 3 1.00 14.1 18.8 1.9 4.6
(a) Projected axially to scaled locations of upstream faces of IRT heat exchangers
Inner HX Outer HX
Module 2 Module 1
Module 4 Module 3
Module 6 Module 5
Module 8 Module 7

NASA/CR—2001-210687
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Tableb5.
Estimated Flow Quality Parametersat Station 4 in M odified IRT:
Heat Exchanger Outlet, Averaged According to HX Module L ocations

Heat exchanger Normalized axial Variation of Turbulence STD of pitch STD of yaw
And airspeed, Axial airspeed intensity, flow angle, flow angle,

Module number U/Umean cov du/u da dp

(percent) (percent) (deg) (deg)
SMIRT Outer HX Wakes As Measured (a)

1 (top) 0.93 85 10.6 11

3 0.94 7.2 10.2 12

5 0.96 75 10.1 14

7 (bottom) 0.97 6.8 104 13

SMIRT Outer HX
averages as measured 0.95 7.5 10.3 1.2

IRT Estimates from SMIRT Measurements

IRT outer HX wake

Averages 1.05 5.8 9.0 0.6 0.6
IRTinner HX wake
averages 0.95 5.8 9.0 0.6 0.6
Estimated averages for
Station 4 1.00 7.0 9.0 0.6 0.6
(@ No measurementsin wakes of Inner HX
Inner HX Wakes Outer HX Wakes
Module 2 Module 1
Module 4 Module 3
Module 6 Module 5
Module 8 Module 7

View downstream at Station 4

NASA/CR—2001-210687 16



Table6.

Estimated Flow Quality Parametersat Station 5in Modified IRT:
Spray Bar Inlet Plane, Averaged According to Pairs of HX M odule L ocations

Heat exchanger Normalized axial | Variation of axial Turbulence STD of pitch STD of yaw
And airspeed, airspeed intensity flow angle, flow angle,
Module number U/Umean cov du/u da dp
(percent) (percent) (deg) (deg)
Outer HX
1 and 3 (top) 0.99 2.9 4.8 0.3 0.3
5 and 7 (bottom) 1.04 3.8 4.6 0.4 0.9
Outer HX averages 1.02 4.1 4.7 0.5 1.0
Inner HX
2and 4 (top) 0.98 3.2 2.6 0.1 0.1
6 and 8 (bottom) 0.99 35 25 0.2 0.6
Inner HX averages 0.98 4.0 2.6 0.3 0.6
Estimated averages for
Station 5 1.00 5.2 3.7 0.8 14
Inner HX Outer HX
Module 2 Module 1
Module 4 Module 3
Module 6 Module 5
Module 8 Module 7

NASA/CR—2001-210687

View downstream at Station 5
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Table7.
Summary of Estimates of Flow Quality Parametersat Station 6 in Modified IRT:
Mid-Length of Test Section, Averaged According to Two Zones and Without Spray Bar M odel

Zone Normalized axial | Variation of axial| Turbulence |STD of pitch flow|STD of yaw flow
airspeed, airspeed, COV intensity, angle, angle,
U/Umean (percent) du/u da ap
(percent) (deg) (deg)
“6-ft x 9-ft” zone 1.00 0.2 0.4 0.3 0.2
“4-ft x 5-ft” zone 1.00 0.02 0.3 0.3 0.2
All: 6-ft x 9-ft Zone
Station 6':

4-ft x 5-ft Zone

View Downstream at Station

NASA/CR—2001-210687 18
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Figure 1. Current (baseline) loop configuration of the 6°x 9’ Icing Research Tunnel (IRT).

Figure 2. View upstream of IRT fan and motor housing. The two long fairings over the legs of the
motor support platform are theorized to cause large variations in downstream air velocities.
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f/turning vanes
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Spray bars

S b o=
16 contracting

turning vanes
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flat heat exchangers
850 tons each

D

Figure 3. Planned modifications to the C-D leg of the IRT. Width is increased 68% to accommodate
two flat heat exchangers. New turning vanes provide flow expansion and contraction.

(a) General view, with baseline configuration of the C-D leg.

Figure 4. The 1/10th scale model of the IRT (SMIRT), showing two configurations of the C-D leg.
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Outer Heat Exchanger Inner Heat Exchanger

Corner "C'f Turning Vanes Corner "D" Turning Vanes

Figure 4 (b). Elevation view of the modified C-D leg. End wall is removed to show (l. to r.)
the Comer C tumning vanes, outer and inner heat exchangers, and Comer D turning vanes.

Air Motor

glie /) Air Supply

s o
&

Figure 4 (¢). SMIRT Fan Drive. Motor nacelle cover is removed to show the air turbine and drive shaft.
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Figure 4 (f). SMIRT Test Section illustrating sliding probe actuator mounting system
that maintains probe alignment when repositioning probe at various stations.

{

0

Insert A Insert B

Figure 4 (g). Test Section sliding probe actuator mounting system removed.
Insert A) Five-Hole Probe
Insert B) Hot-Wire Probe
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Figure 5. Pressure Drop Across IRT and SMIRT Heat Exchangers.

C

49'-2"—> Station 2/

Per icexpandn
Station 3a— ffﬂ’ V’V’f/ Cwrmang vanes / <:]
> _ _Ig?(r . ‘

Station 3 —|
tat =, ffﬂr

N

Spray bars

Inner and outer 4
flat heat exchangers l
850 tons eac . — |
. & '
Station 41 o I L E> |
&' 16 contacting .
o turning vanes |
D e l - Station 6

Station SaJ Station 5-/

Figure 6. Stations for SMIRT Flow Quality Measurements.
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Figure 7. Comparison of unmodified SMIRT and unmodified IRT: Cartesian graphs of
axial velocity across Station 2 in Vent Tower section.
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(a) Schematic diagram illustrating the method used for creating polar plots.

-

Fan Rotatign

avg/Umean
f / 10 15 20

South tth Leg

1 |

o IRT  _g SMIRT

(b) Polar plot of SMIRT and IRT axial velocity ratios; view is downstream.

Figure 8. Comparison of unmodified SMIRT and unmodified IRT: Polar distributions
of axial velocity ratios across Station 2 in Vent Tower section.
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Figure 9. Comparison of flow distribution across Station 2 (Vent Tower section) in the
unmodified and modified SMIRT configurations.

NASA/CR—2001-210687 27



—e—Modified: y/W = 1/4
—=—Modified: y/W = 2/4
—a—Modified: y/W = 3/4

1.0 —o— Baseline: y/W =1/4}
—o—Baseline: y/W =2/4
—a— Baseline: y/W =3/4
z 0.8 l
% ‘/
[
Sos
2
2
C-]
L]
Qo
e
804 x
]
: iq
8
T
&
2 02
iy
0.0
-12 -8 -4 0 4 8 12

Pitch flow angle, alpha (deg)

(c) Vertical distributions of pitch flow angle.
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(d) Horizontal distributions of yaw flow angle.

Figure 9. Comparison of flow distribution across Station 2 (Vent Tower section) in the
unmodified and modified SMIRT configurations (Concluded).
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Figure 10 (a).  Flow vectors in modified SMIRT downstream of Corner C turning vanes
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Figure 10 (b).  Flow vectors in modified SMIRT downstream of Corner D turning vanes
(Station 5a).
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Figure 13.  Flow distribution in the modified SMIRT across Station 4: Heat Exchanger
Outlet.
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Figure 14 (b). Modified SMIRT pitch flow angles at Station 5: Spray Bar entrance plane.
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Figure 14 (d). Modified SMIRT yaw flow angles at Station 5: Spray Bar entrance plane.
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Figure 15. Comparison of flow quality parameters in the Stilling Chambers of the
modified IRT and the modified SMIRT (Station 5).
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Figure 16(b). Vertical distribution of axial airspeed across Station 6 in the Modified
SMIRT: Mid-length of Test Section.
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Figure 16 (d).  Vertical distribution of yaw flow angle in Modified SMIRT across Station 6:
Mid-length of Test Section.
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(a) Vent Tower Section (Station 2).

Figure 17.  Bar charts comparing flow quality parameters measured in the IRT before
and after modification with those measured in the modified SMIRT.
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